A transcription factor of the Myb family has been found to couple dorsoventral patterning and proximodistal outgrowth during leaf development.
In most dicotyledonous plant species, lateral organs arise as small, radially symmetrical outgrowths on the flanks of the shoot apical meristem ( Figure 1 ). As they mature, the primordia grow outward from the site of initiation to form the proximodistal axis of the leaf. Shortly after emergence, the symmetrical primordium flattens, and a dorsoventral axis is formed. As the leaf continues to mature, cells associated with the dorsal and ventral leaf surfaces adopt specific cell fates Leaves and their associated axial meristems arise from the stem in a stereotypical orientation (Figure 2 ), suggesting either that the dorsoventral axis is pre-patterned at the time of primordium formation, or that newly derived primordia can sense and respond to positional information produced by the apical-basal axis of the stem.
Surgical experiments have shown that isolating the regions containing incipient lateral primordia from the apical meristem by a horizontal incision results in the formation of radially symmetrical leaves, implying that dorsoventral patterning of the leaf depends on positional cues derived from the apical meristem [1] . The shoot meristemless (stm) mutant of Arabidopsis, however, which fails to maintain a functional apical meristem, is able to produce ectopic leaves with dorsoventral polarity, suggesting that apical signaling is not absolutely required for dorsoventral axis formation [2] .
A gene that appeared to play a role in the establishment of dorsoventral polarity in leaves and petals was identified by Waites and Hudson [3] in their study of mutant alleles at the phantastica (phan) locus of the snapdragon, Antirrhinum majus. Weak phan defects are associated with leaves that contain isolated patches of ventralized cells on their dorsal surface, while stronger defects cause the complete ventralization of leaves, which thus become radially symmetrical. These ventralized leaves also have proximodistal defects, such that there is no distinct difference between the leaf blade and the petiole that connects the leaf proper to the stem.
Cross-sections through weakly affected phan leaves showed that the isolated islands of ventralized epidermal tissue overlie internal layers that are also ventralized. As the tissue layers comprising the ventral sectors are not clonally derived, this observation suggests that the cell layers within the leaf communicate to coordinate development. Interestingly, ventralized cells always occur in discrete patches, and
Figure 1
Formation of organs on the flanks of a shoot apical meristem. The youngest leaf promordia, at the P1 stage, emerge as radially symmetrical outgrowths on the flanks of the apical meristem (red). As they mature, the primordia elongate along the proximodistal axis and begin to flatten, forming the dorsoventral axis. The orange patch indicates the position of one of the P0 initials, which predict the site of emergence of the next pair of leaves to be formed.
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no regions of intermediate identity were observed, indicating that the decision to adopt dorsal or ventral fate is an allor-none response. Similar dorsoventral defects were seen in petals of the phan mutant plants and, in both leaves and petals, tissue reminiscent of ectopic blade margins is produced at the boundaries between the dorsal leaf surface and adjacent ventral sectors.
On the basis of these phenotypes, Waites and Hudson [3] proposed that the PHAN gene encodes a factor that dorsalizes the cells in which it is expressed. To explain the production of ectopic leaf margins in mosaic leaves, the authors suggested that the interaction between adjacent dorsal and ventral fields activates the localized expression of downstream genes required for the formation of leaf margin and the subsequent expansion of the leaf blade along the newly formed dorsoventral axis. Finally, given the similar defects in leaves and petals of phan mutants, they suggested that PHAN is a global regulator of dorsoventral identity in lateral organs.
Waites et al. [4] have now cloned PHAN and found that it encodes a member of the Myb superfamily, containing two Myb repeats characteristic of this class of transcription factor in plants [5] . PHAN RNA is restricted to lateral organ primordia. In vegetative organs, PHAN is first detected in leaf initials before the emergence of the primordia, and persists through the early stages of leaf development. In the inflorescence, PHAN is initially absent from floral meristems, but is later detected in the initials of sepals, petals, stamens and carpels. Interestingly, PHAN expression is not restricted to the dorsal surface, but is found throughout the entire lateral organ primordium, suggesting that the Phan protein is modified by, or interacts with, other localized factors to control dorsoventral patterning. Waites et al. [4] also found that PHAN expression is complementary to that of STM, which encodes a homeodomain transcription factor required for meristem maintenance [6] . STM transcripts are down-regulated in the nascent lateral organs around the time that PHAN expression is first detected in the initials, suggesting that PHAN upregulation is an early event in the determination of these groups of cells as precursors of lateral organs.
The genetic analysis of a number of mutants in Arabidopsis has pointed to a tight linkage between the development of lateral organs and the formation and maintenance of shoot meristems. For example, revoluta mutations appear to have reciprocal effects on meristem growth and lateral organ development, suggesting that the wild-type gene maintains cell proliferation in the apical, axillary and floral meristems, while limiting growth in the leaves [7] . Similarly, inflorescence leaves of argonaute mutants are replaced by filamentous structures which fail to form lateral buds in their axils, suggesting that the lack of development of the axial meristem and loss of dorsoventral identity in the subtending leaf may be functionally connected [8] . And Pickett et al. [9] have identified a class of temperature-sensitive mutants in Arabidopsis, known as arrested development (add) mutants, that may encode other components of the lateral-organ patterning pathway. At the restrictive temperature, add mutants are reminiscent of phan mutants, with arrested meristem development, loss of dorsoventral axes in lateral organs and failure of lateral organ expansion.
Supporting the idea that meristem proliferation and leaf development are intimately connected, the growth of temperature-sensitive phan mutants at the restrictive temperature has also uncovered a role for Phan in the maintenance of meristem proliferation. At 15°C, the apical meristems of phan mutant seedlings stopped growing and lost the domed appearance characteristic of wild-type meristems; axillary meristems were similarly affected. Phan may be directly required for meristem proliferation, though there is evidence that the specification of ventral leaf identity is required for the induction of associated axillary meristems (M.K. Barton, personal communication), suggesting that the effect of loss of phan function on meristem growth may be an indirect consequence of the loss of leaf polarity. Regardless of the mechanism, this phenotype supports the idea that there is an underlying link between the proliferation of apical and axial meristems and the growth and development of lateral organs.
The identification of PHAN as a key regulator of lateral organ identity paves the way for a more detailed analysis of how lateral organs and their associated axillary meristems are determined and induced to differentiate. The complementary expression patterns of PHAN and STM suggest that these genes may encode factors that are required for lateral shoot and meristem identity, respectively. As suggested by Waites et al. [4] , it is possible that these genes may interact at the level of transcriptional regulation. A detailed study of the mechanisms that lead to the upregulation of PHAN expression in nascent primordia and the relationship of this regulation to the expression of shoot-meristem identity genes, such as STM, should provide insight into how patterning is achieved in plants.
Excitingly, an Arabidopsis mutant, known as phabulosa (phb), has recently been found which may prove to be the functional homologue of PHAN (M.K. Barton, personal communication). The dominant phb mutation causes a phenotype that is the opposite of that caused by recessive phan mutations in Antirrhinum, with radially symmetrical dorsalized leaves. Importantly, the phb mutation partially suppresses the stm loss-of-function phenotype, suggesting that one function of PHB, like that of PHAN, is to promote proliferation of the meristem.
